Introduction
ATP-sensitive potassium (KATP) channels have been thoroughly investigated in cardiac and pancreatic fl-cells (reviewed by Ashcroft, 1988; Nichols & Lederer, 1991) . A most important property of KATP channels is dramatic channel open- ings in isolated patches in the absence of ATP (Noma, 1983; Trube & Hescheler, 1984; Ashcroft & Kakei, 1989; and potent inhibition of the KATP channel activity by ATP with the half-maximal inhibition (Kj) at about [17] [18] [19] [20] [21] [22] [23] [24] [25] gM in rat cardiac cells (Findlay, 1988; Lederer & Nichols, 1989 ) and 4 gM in rat pancreatic fl-cells (Ashcroft & Kakei, 1988) . In smooth muscle, however, there is still much controversy about the existence of KATP channels and their properties. Whole-cell currents have been observed in smooth muscle cells from rat portal vein (Noack et al., 1992b) . rabbit pulmonary artery (Clapp & Gurney, 1992) and canine coronary artery (Xu & Lee, 1994) which were induced by dialysing the cells with ATP-free solution. These whole-cell currents could be inhibited by adding ATP to the pipette solution and by extracellular glibenclamide, a suggested specific inhibitor of the KATP channels. However, the KATP channels in cardiac and pancreatic f-cells have always been defined at the single channel level. In smooth muscle cells, the data from single channel studies of KATP channels are limited and variable; channel conductance ranging from 7-280 pS have been reported and some channel types showed voltage or Ca-dependency (Standen et al., 1989; Inoue et al., 1989; Kajioka et al., 1990; Kovacs & Nelson, 1991; Lorenz et al., 1992; Bonev & Nelson, 1993; Furspan & Webb, 1993; Kamouchi & Kitamura, 1994) . In more recent studies in freshly isolated vascular smooth muscle cells, in contrast to observations on l Author for correspondence.
cardiac and f-cells, no channel activity could be observed after isolated patches were created into the ATP-free solutions unless nucleoside diphosphates (NDPs) or potassium channel openers (KCOs) with NDPs or ATP were present (Kajioka 1991; Beech et al., 1993a,b; Kamouchi & Kitamura 1994; Zhang & Bolton, 1995) . We therefore designated these channels KNDP (Beech et al., 1993a,b; Zhang & Bolton, 1995) . Others have recently confirmed our observations independently in other smooth muscles (Halliday et al., 1994; .
Based on the observations that no channel activity could be seen in the absence of ATP unless NDPs were present, we suggested that NDP, instead of ATP, was the more important regulator of these KNDp channels in smooth muscle cells (Beech et al., 1993a; Zhang & Bolton, 1995) . Since NDPs are able to reactivate KATP channels after their inactivation in cardiac cells and pancreatic fl-cells (Dunne & Petersen, 1986) , one explanation for the difficulty in observing KATP channel activity in smooth muscle might have been that the KATP channel in smooth muscle had already inactivated (dephosphorylated was suggested). We found, however, that channel dephosphorylation did not explain the observations (Zhang & Bolton, 1995) .
In the present studies, we show that there are two kinds of
Single cell dispersion
Adult, male Wistar rats (150-250 g) were killed by cervical dislocation. Each portal vein was carefully cleaned of fat and connective tissue with fine scissors under a dissecting microscope. The vein was cut into small pieces and then incubated in a low-Ca (10 gM) and Mg-free physiological salt solution (PSS) at 370C for 5 min. Tissue was then moved to the same solution which contained 1 mg ml-' collagenase (type IA, Sigma), 0.5 mg ml-' pronase (Calbiochem) and 1 mg ml-' bovine albumin (Sigma) at 370C for 25 min. The tissues was washed with enzyme-free solution and triturated by sucking in and out of a wide bore, smooth-tipped pipette to obtain single smooth muscle cells. The cells were used for experiments within 6 h of separation during which time they were stored at 40C in low-Ca (10 pM) solution. All experiments were performed at room temperature (220C).
Electrophysiology
Cell-attached and isolated inside-out patch recording (Hamill et al., 1981) were used in the experiments. The patch amplifier was an RK300 (Biologic When the cell membrane was held at positive potentials, the Ca-activated large conductance K-channel (BK channel) was also activated (Figure lb) . Apart from these three channels, a channel with much smaller current amplitude could also be observed in a few patches (n= 3) when they were held continuously at -60 mV. This channel, with a conductance of 2.3 pS in the range of -100 to -60 mV, did not open when the patches were held at 0 mV. No effort were made to investigate the properties of this channel because it could be observed only occasionally.
Channel activity on creation of isolated inside-out from cell-attached patches A total number of 329 cell-attached patches were used to investigate the activity of LK and MK channels in cell-attached patches. Among these LK channel activity was observed alone in 18 patches while MK channel activity was observed alone in 65 patches; LK and MK channel activity was observed in the same patch on 9 occasions. The remainder of the patches (n = 237) showed neither LK nor MK channel activity at -60 mV or 0 mV in the cell-attached patch mode. The two types of K-channel showed a conspicuous difference in behaviour when isolated patches were formed by pulling cell-attached patches into ATP-free solution. LK channels, inactive in the cell-attached mode, showed a dramatic increase in activity when an isolated inside-out patch was created into ATP-free solution ( Figure 2a ) in 74 patches (out of 123 patches from which an inside-out patch was created successfully from the cell-attached patch mode). However, if LK channels were active in the cell-attached mode then activity declined upon creating an inside-out patch; this decline could not be correlated with any obvious factor such as time since cell dispersion. If MK channels showed no activity in the cellattached mode, no activity appeared when an isolated insidea LK ATP 1 mM ATP 10 mM 30 s 3 pAI' out patch was created into nucleotide-free solution (see later, Figure 5 ). If MK channels were active in the cell-attached mode, activity generally declined on creating an inside-out patch into nucleotide-free solution (11 out of 13 patches, Figure 2b ); in two patches activity increased slightly (P. increased 0.13 + 0 to 0.19 + 0.03). These effects could be seen unequivocally when only one channel type was active in a patch; they were also apparent when both channels were present ( Figure 4 ). There was no obvious reason why LK and MK channels were active in some cells in the cell-attached mode and quiescent in others.
Effects of ATP
After initially dramatic channel activity appeared in the isolated inside-out patch mode and in the absence of nucleotide, LK channel activity gradually decreased over 40 s to a few minutes ( Figure 2a ). Figure 2a shows an inside-out patch in which up to 6 channels opened simultaneously immediately after the patch was isolated; after about 9 min, only 4 channels could be seen still active. ATP (1 mM) in the presence of 3 mM Mg abolished the remaining channel activity. 
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-3 -2 -1 0 1 -3 -2 -1 0 1 -3 -2 -1 0 1 b ATP 1 mM Figure 3b shows the concentration-effect relationship for the inhibition of LK channel activity by ATP in the absence (circles) and in the presence of Mg 0.1 (filled squares) and 1 mM (triangles). Figure 3b shows the expected shift of the concentrationresponse relationship of ATP in the presence of 1 mM Mg (Ki = 73 gM), if LK channel activity was inhibited only by free-ATP. The actual shift (Ki 23 gM) was smaller than the expected.
As mentioned above, it was rare to see MK channel activity in isolated inside-out patches in the absence of nucleotide. However, when ATP (1 mM) was applied in the presence of Mg (2-3 mM) to the internal surface of 41 patches, the MK channel was activated in 9 of these. The MK channel could be activated by ATP either in patches in which the MK channel had been active in the cell-attached mode (Figure 2b ), or in patches in which no MK channel activity had been observed (Figure 4a ). Lower concentration of ATP (10 gM) had no effect on MK channel activity; when ATP (1 mM) had stimulated MK channel activity it was inhibited by up to 80% by increasing the ATP concentration to 3-5 mm (Figure 3c ATP-sensitive potassium channels the concentration-effect relationship for ATP was bell-shaped ( Figure 3d ). Washout of ATP did not cause potentiation of MK channel activity. The inhibitory action of ATP on the LK channel was accompanied by a stimulating action of ATP on MK channel activity in some patches, which is demonstrated in Figure 4 . Both cells in Figure 4 were bathed in 3 mM Mg solution. In Figure 4a , the cell-attached patch was without channel openings but when an inside-put patch was formed into nucleotide-free solution, the LK channel was activated. ATP (1 mM) totally abolished LK channel activity and activated the MK channel at the same time (the second peak in the histogram is also MK channel activity). After washing out ATP, the LK channel was reactivated and MK channel activity was reduced in the ATP-free solution. After LK and MK channel activity had totally disappeared, ATP (1 mM) reactivated the MK channel and, after washout, some LK channel activity. Similar results were observed in 3 other patches where simultaneously the LK channel was inhibited and the MK channel activated in the presence of Mg-ATP and then LK channel was activated and MK channel activity disappeared when ATP was washed out. In Figure 4b , both LK channel and MK channel activity were present in the cellattached patch mode which could be seen more clearly on a fast time-base. After an inside-out patch was created into nucleotide-free solution, activity of both LK and MK channels decreased. When ATP (1 mM) was applied to the patch, activity of the LK channel decreased and eventually disappeared while MK channel activity was little altered. After washing out ATP, MK channel activity disappeared and the ATP 1 mM a MK Pinacidil 10 aM LK channel was reactivated. ATP-y-S, an analogue of ATP, had a similar but possible weaker effect than ATP on LK and MK channel activity (Figure 4b ).
Effect of UDP and KCOs
In our previous work (Beech et al., 1993a,b; Zhang & Bolton, 1995) we found that in rabbit portal vein and rat mesenteric artery smooth muscle cells, nucleoside diphosphate (NDP) was able to activate a K-channel which was termed the KNDP channel and that this was the target channel of KCOs. In the present studies, we found that NDP stimulated activity of both LK and MK channels. Figure 5 shows that the KNDP channel and the MK channel have similar characteristics. In Figure 5a MK channel activity was observed neither in a cell-attached patch nor immediately after an inside-out patch was formed. Pinacidil (10 uM) alone had no effect in this or in other isolated patches (but did in cell-attached patches). ATP (1 mM), in the presence of pinacidil activated the channel. Channel activity ceased soon after ATP was washed out. UDP (1 mM) reactivated the channel in the absence of pinacidil. The trace on a fast time base shows that the channel activated by ATP and pinacidil, and the channel activated by UDP, have the same characteristics. Figure 5b shows (Figure 2a) . UDP (1 mM) in the presence of Mg (1-2 mM) reactivated LK channel activity in 15 out of 20 patches in which LK channel activity had run down (Figure 6a ). Figure 6a shows an inside-out patch in which LK channel was present but channel activity had became very low (P. was 0.0071). UDP in the presence of Mg (2 mM), but not in its absence, increased P. (to 0.17) . Similar results were observed in another three patches. Thus, UDP requires the presence of Mg in order to reactivate LK channel activity. UDP had no effect on the LK channel when it was already active (not shown).
LK channel activity in either cell-attached (n = 7) or insideout patch (n = 18) recordings was generally unaffected by application of (-)-Ckm (up to 100 /gM) or pinacidil (up to 100 gM). In only two patches from 18 inside-out patches was there evidence of a transient stimulation of LK channel activity upon a first application of (-)-Ckm (10 gM); however, this stimulation could not be repeated in the same patch although the channels were still active (no rundown). If LK channel activity was reduced by application of ATP at a low concentration (10-100 gM), (-)-Ckm (10 gM) and pinacidil (10 gM) were also found to be without effect (n = 10). Figure 6b shows that (-)-Ckm (10 gM) did not affect LK channel activity in the presence or absence of UDP (1 mM).
Inhibition of the LK channel and the MK channel activity by glibenclamide Figure 7 shows the effect of glibenclamide (10 gM) on LK and MK channel activity. In inside-out patches, glibenclamide concentration-dependently inhibited LK channel activity (Figure 7a) . As in isolated inside-out patches of rat cardiac cells (Ripoll et al., 1993) glibenclamide up to 100 gM did not totally block LK channel activity which could be abolished by 100 pM ATP. The amplitude histograms, which were constructed from a period of 40 s in each case (control, glibenclamide 10, 30 and 100 gM), show that glibenclamide inhibited channel activity but did not affect the unitary current amplitude of the LK channel. Figure 7b shows the concentration-response relationship for glibenclamide in inhibiting LK channel activity; Ki of glibenclamide was about 3 gM. These experiments were done in the absence of Mg2"; in four patches, the presence of glibenclamide at its IC50 (3 gM) reduced P. to an average of62 + 4%, compared to 44 + 9% in the same patches if Mg2+ was absent. This is very different from the 1000 fold greater sensitivity of KATP to glibenclamide in whole-cell recording from #-cells when Mg2+ was present but similar to the result in isolated inside out patches of rat cardiac cell (Venkatesh et al., 1991; Findlay, 1993) . Figure 6 Effects of UDP and lack of effect of (-)-Ckm on LK channel activity. (a) An inside-out patch was held at -60 mV and the recording started about 3 min after an inside-out patch was created; 60 mmK solution was in the pipette and Mg-free high K solution was in the bath. Amplitude histograms were constructed from periods of 40s. First, second and third histograms correspond to the trace above in the absence of UDP, in the presence of UDP without Mg, and in the presence of UDP and Mg, respectively. (b) An inside-out patch was held at 0 mV. The recording started about 5 min after the inside-out patch was created and when LK channel activity had become low; 60 mM K solution was in the pipette and Mg-free high K solution was in the bath. UDP stimulated LK channel activity if Mg was present; (-)-Ckm had no further effect. ATP-sensitive potassium channels channel activity induced by ATP (1 mM) and (-)-Ckm (10 /M) in this patch and inhibited by an average of 92 + 8% in three patches (PO was reduced from 0.17+0.08 to 0.02+0.007). In three inside-out patches, glibenclamide 1 or 10 gM strongly inhibited the channel activity induced by UDP (1 mM) ( Figure   7d , PO was reduced from 0.38+0.14 to 0.0014+0.0011). It seems that the channel activated by UDP was more sensitive to glibenclamide.
Discussion
The LK channel we describe here for the first time in smooth muscle is exceedingly similar in properties to the KATP channel in cardiac and pancreatic fl-cells. One characteristic property of KATP channels is the dual effects of ATP, i.e. inhibition of channel activity by ATP when channels are active and reactivation of channel activity by Mg-ATP after it has run down. These effects of ATP on the LK channel were well demonstrated in the present experiments on rat portal vein smooth muscles. Another characteristic property of KATP channels is the dramatic increase in activity seen when isolated inside-out patches are created into ATP-free solution.
In rat cardiac cells, the inhibition of the KATP channels activity by ATP could be described as a sigmoid function of ATP with a Hill coefficient of 2 and Ki or 17-30 gM. Free ATP and Mg-ATP were both effective with Mg-ATP slightly more efficient (Findlay, 1988; Lederer & Nichols, 1989 (Trube & Hescheler, 1984; Kakei et al., 1985) when external K concentration was about 50-70 mM. In the present experiments, the unitary conductance of the LK channel was 49 pS when external K concentration was 60 mM. Thus the unitary conductance of the LK channels in rat portal vein cells was very similar to that of the KATP channels in cardiac cells. Even in the absence of internal Mg, the channels showed inward rectification, conductance being smaller when the current was outward (Figure ic) which is also found in cardiac and pancreatic fl-cells (Findlay, 1987; Ashcroft & Kakei, 1989) . However, unlike KATP channels in cardiac cells (Shen et al., 1991) , the LK channel in rat portal vein smooth muscle cells was rarely stimulated by KCOs ((-)-Ckm and pinacidil) in cellattached patches or in isolated patches even in the presence of NDP (Figure 6b ). This surprising result, however, would support further the theory that the target channel of KCOs in smooth muscle was the MK or KNDp channel (see below).
The MK channel described in the present experiments had properties similar to the KNDp channels described in rabbit portal vein and rat mesenteric artery smooth muscle cells in our previous publications (Beech et al., 1993a; Zhang & Bolton, 1995) and similar to the channels activated by NDP and KCOs (pinacidil and levcromakalim) reported in rabbit portal vein smooth muscles by others (Kajioka et al., 1991; Kamouchi & Kitamura, 1994) . These channels have the following common characteristics: (i) they were activated by NDPs, or by KCOs in the presence of ATP or NDP; (ii) they were not active in the absence of nucleotide; (iii) they have rather smaller channel conductance of 20-24 pS when external K was 60 mm (15 pS when external K was 6 mM, Kajioka et al., 1991) (Figure la; Beech et al., 1993a; Zhang & Bolton, 1995) . However, the KNDp channel was not activated by ATP (Beech et al., 1993a; Zhang & Bolton, 1995) . In our previous experiments (Beech et al., 1993a; Zhang & Bolton, 1995) , we did not test the effect of ATP on the KNDp channels after they were activated by NDPs at the single channel level. However, ATP (1 mM) included in the pipette solution in the presence of 2 mM Mg inhibited about 63% of the whole-cell currents induced by 1 mM GDP (Beech et al., 1993a) . Kamouchi & Kitamura (1994) reported that Ki for ATP inhibiting the channel activity induced by 1 mM UDP and 100 Mm pinacidil in rabbit portal vein was between 200 Mm and 1 mm in the absence or presence of Mg. In the present studies, channel activity of the MK channel induced by 1 mM ATP in the presence of 3 mm Mg could be inhibited by a higher concentration of ATP. Thus, the MK channel and similar channels were not very sensitive to the inhibitory action of ATP, particularly in the presence of Mg.
In the cardiac cells, the dominant channel activity in the cell-attached patch was the inward rectifier (KIR) (Sakmann & Trube, 1984; Trube & Hescheler, 1984) which gradually inactivated when a patch was isolated into ATP-free solution (Trube & Hescheler, 1984) . KIR could be re-activated by intracellular ATP after its inactivation (Takano et al., 1990) , a similar process to that shown in Figure 2b in the present experiments. The conductance of KIR was about 25-30 pS in 140:140 K gradient and channel openings showed bursts (Sakmann & Trube, 1984; Trube & Hescheler, 1984) ; these channel characteristics were similar to the MK channel in the present experiments. KIR might also exist in smooth muscle (Quayle et al., 1993 (Matsuda, 1988) . Clearly, more work needs to be done to clarify the relationship between the MK channel and inward rectifier K channels. The discovery of the inhibitory effect of antidiabetic sulphonylurea drugs upon the KATP channel in pancreatic fl-cells (Sturgess et al.,1985) has been followed by their adoption as specific blockers of this type of K channel (Quast & Cook, 1989) . Nevertheless, quantitative electrophysiological studies of the effects of the most potent sulphonylurea, glibenclamide, have been few in both pancreatic P-cells (Zunkler et al., 1988; Sturgess et al., 1988) and cardiac cells (Venkatesh et al., 1991; Findlay, 1993; Ripoll et al. 1993) . In cardiac cells, K, values of glibenclamide for inhibiting the KATP channel in inside-out patches were about 0.5-6 gM (Venkatech et al., 1991; Findlay, 1993; Ripoll et al., 1993) ; complete inhibition of KATP channel activity could not be observed even in the presence of a high concentration (300 gM) (Ripoll et al., 1993) . Such data are in close agreement with our present results. Sulphonylureas were generally 2-3 orders of magnitude more potent in blocking KATP channels from pancreatic f-cells than from cardiac cells (Zunkler et al., 1988; Venkatesh et al., 1991; Ripoll et al., 1993) . However, the efficiency of sulphonylureas as blockers of KATP channels might depend on other factors which are involved in different experiments. It has been reported that intracellular ADP could relieve the KATP channel inhibition by glibenclamide (Venkatesh et al., 1991; Ripoll et al., 1993) . More recently, it has been reported that inhibition of the KATP channel from insulin-secreting cells by glibenclamide was Mg-dependent; when intracellular Mg was omitted the Ki of glibenclamide for inhibiting whole-cell currents through KATP channels was increased from 2.1 nM to 3.6 gM . However, Mg has no significant effect on the sensitivity of rat cardiac KATP channels to glibenclamide in isolated inside-out patches (Venkatesh et al., 1991; Findlay, 1993) . The sensitivity of KATP channels to glibenclamide in whole-cell and in isolated patch mode seems different (Findlay, 1993) . In the present experiments, the sensitivity of the LK channel to glibenclamide was not significantly affected by Mg, and thus was similar to that of the KATP channel in cardiac muscle.
In our previous experiments we found that glibenclamide inhibited whole-cell currents through KNDp channels with a Ki of 25 nM and that the K, of glibenclamide was 8 times higher when inhibiting whole-cell currents induced by (-)-Ckm. In the present experiments, glibenclamide 1 or 10 Mm totally abolish the channel activity induced by UDP but it was less efficient in inhibiting the channel activity induced by (-)-Ckm in the presence of ATP (Figure 7c, 7d) . This could be a result of complex interactions between glibenclamide and KCO. Kajioka et al. (1990) reported a small conductance K channel (10 pS with external K concentration of 6 mM) in rat portal vein smooth muscle cells which was activated by intracellular Ca and the KCO nicorandil and which was inhibited by 5 mM ATP. This small-conductance ATP-sensitive potassium channel has not been reported in other tissues and is apparently different from either the LK channel or the MK channel of the present experiments. Noack et al. (1992a,b) reported that a significant whole-cell current (Imet) could be induced in rat portal vein smooth cells during metabolic depletion which prevented any K-current in response to (-)-Ckm.
